] C brings about egress by the activation of at least two signaling pathways: the protein kinase TgCDPK1 and the calmodulin-dependent protein phosphatase calcineurin.
Summary
The ability of intracellular parasites to monitor the viability of their host cells is essential for their survival. The protozoan parasite Toxoplasma gondii actively invades nucleated animal cells and replicates in their cytoplasm. Two to three days after infection, the parasite-filled host cell breaks down and the parasites leave to initiate infection of a new cell. Parasite egress from the host cell is triggered by rupture of the host plasma membrane and the ensuing reduction in the concentration of cytoplasmic potassium. The many other changes in host cell composition do not appear be used as triggers. The reduction in the host cell [K + ] appears to activate a phospholipase C activity in
Toxoplasma that, in turn, causes an increase in cytoplasmic [Ca 2+ ] in the parasite. The latter appears to be necessary and sufficient for inducing egress, as buffering of cytoplasmic Ca 2+ blocks egress and calcium ionophores circumvent the need for a reduction of host cell [K + ] and parasite phospholipase C activation. The increase in
Introduction
The protozoan Toxoplasma gondii is an obligate, intracellular parasite that is able to infect and thrive in most nucleated cells of warm-blooded animals. In humans and a variety of animal species Toxoplasma can cause severe infections, especially when the immune system is immature or compromised (1). If not treated, these infections can result in spontaneous abortions, birth defects, encephalitis, and even death. Toxoplasma is a member of a larger class of apicomplexan parasites, which also includes the malaria parasite Plasmodium falciparum, and has been found to be a suitable model system for the study of its other members.
As it is an obligate intracellular parasite, it is necessary for Toxoplasma to gain access to the inside of host cells. It does this by secreting one or more adhesin-like molecules that promote its binding to host cells (2, 3) . The ensuing invasion process is only poorly understood, other than that it requires an actin-based motility system (4, 5) and that it is active on the part of the parasite and does not involve host cell processes like endocytosis or phagocytosis (6) . Upon invading the host cell, Toxoplasma forms a vacuole inside the host cytoplasm that it resides throughout its stay in the host cell. The origin of the lipids for the parasitophorous vacuole is unclear at this time, but it is known that host cell proteins are excluded and that a variety of parasite proteins are inserted into the membrane (6, 7) . The parasitophorous vacuole membrane is permeable to molecules with molecular weights less than 1500 daltons, giving the parasite access to the low molecular weight nutrients present in the host cytoplasm (8) .
Little is also understood about the mechanism of Toxoplasma egress from infected cells.
It is quite evident that parasites such as Toxoplasma must have the ability to sense that their host cell is dead or dying, in order to prevent themselves from either withering away inside a dead cell or being destroyed along with the dead cell by host macrophages. Thus far, the only clues to the mechanism used by Toxoplasma to regulate its egress from infected cells have come from observations made with two compounds that induce this process artificially. Calcium ionophores, such as A23187, have been found to be effective inducers of Toxoplasma egress (9) , suggesting that alterations in the concentration of calcium in either the host cell or the parasite are involved in inducing parasite egress.
Recently, Toxoplasma mutants have been isolated that display a delayed response to ionophores-induced parasite egress (10) . Similarly, the treatment of Toxoplasma-infected cells with the strong reducing agent DTT results in the rapid egress of the parasites (11) .
The mechanism of action of DTT is not clear but may involve the artificial activation of parasitic nucleoside triphosphate hydrolases (12) .
In order to circumvent questions about the physiological relevance of observations made during the artificial induction of Toxoplasma egress, we decided to monitor normal egress of the parasite from infected cells. We found that the plasma membrane of the host cell becomes permeable 2-3 minutes prior to actual parasite egress. Apparently, the change in ionic environment in the host cytoplasm that ensues is the trigger for parasite egress. We have analyzed the specific ion concentration sensed in this process and determined it to be the intracellular, extraparasitic [K + ].
Experimental Procedures Materials
Fura-PE3/AM was obtained from TEFLABS (Austin, TX In some experiments, EC and IC buffers were supplemented with essential and nonessential amino acids to concentrations normally found in α-MEM medium, 1 mM ATP, 1 mM GTP or with 2 mM reduced glutathione.
Cell and parasite propagation
Human foreskin fibroblasts (HFF) were grown in α-MEM (Cellgro, Herndon, VA) containing 10% fetal bovine serum (Hyclone, Logan, UT ] C measurements and time-lapse photography were performed as described before (13) was not observed but the host cell plasma membrane still became permeable to fura-PE3 several minutes prior to parasite egress (data not shown). Based on these observations we conclude that the plasma membrane of the host cell becomes permeable to small molecules 2-3 minutes prior to Toxoplasma egress. Our attempts to determine whether the plasma membrane becomes permeable to protein-size molecules have been inconclusive thus far, probably in part due to their slower diffusion rates and possible interaction with other cytoplasmic components.
Toxoplasma egress is activated by a change in ionic environment
The increase in non-selective permeability of the host cell plasma membrane should result in marked change in the intracellular environment with respect to all low MW components. As the parasitophorous vacuole, the structure parasites reside in during their stay inside host cells, is permeable to molecules with a MW up to about 1500 daltons (8), a change in small molecule composition of the host cell would result in the parasites' environment changing drastically as well. As changes in cytoplasmic conditions on this order of magnitude normally only accompany severe cell damage and cell death, we reasoned that it might in fact be the trigger parasites needed to initiate egress from the damaged cell. In order to test this hypothesis, we permeabilized the plasma membranes of
Toxoplasma-infected cells artificially with S. aureus α-toxin, as this would allow us to manipulate the environment surrounding intracellular parasites with respect to small molecules. Under the conditions used, the plasma membrane of the parasite itself was intact. Based on the available data on the composition of mammalian cells and typical tissue culture media, we were able to devise a list of the intracellular changes expected to occur after permeabilization of the host cell. Increases were expected to occur in the concentration of sodium (from 5 to 140 mM), calcium (from 1 µM to 1 mM), and chloride (from 20 to 140 mM). Decreases were expected in the case of potassium (140 mM to 5 mM), ATP and GTP (1 to 0 mM). In addition, changes in the cytoplasmic concentration of numerous small molecules (amino acids, nucleotides, etc.) were also to be expected, as well as a change in redox potential. Initially we focused on changes that should occur in the major anions and cations of the cytoplasm. In order to test whether changes in any of these could trigger parasite egress, we artificially permeabilized Toxoplasma infected cells with S. aureus α-toxin in isoosmotic buffers that varied only with respect to the concentrations of the different components listed above.
When permeabilized, parasite-infected cells were incubated in a buffer that resembles the extracellular medium (EC buffer), Toxoplasma egressed rapidly from the cells, with only 3-12% of the vacuoles remaining after 10 minutes (Fig. 2B) . In contrast, when infected cells were permeabilized in a buffer with an ionic composition similar to the cytoplasm (IC buffer), no egress was observed over a period of several hours (Fig. 2F ). This lack of egress is not due to toxicity of the buffer as parasites can be induced to egress, after a 2-hour incubation in this buffer, by simply switching the cells to the extracellular buffer (results not shown). As the presence or absence of amino acids, nucleotides, and glutathione had no effect on parasite egress, we concluded that parasite egress is triggered by a change in concentration of one of the simple anions or cations present in the extracellular or intracellular environment. ] from intracellular to extracellular levels that occur after host plasma membrane breakdown. In order to test whether a change in the concentration of a specific ion could trigger egress, we performed egress experiments in isoosmotic buffers in which the concentration of only a single ion was changed at a time. It is clear from comparing Fig. 2 , B and C, that the presence or absence of Ca 2+ in its surrounding medium has no effect on Toxoplasma egress.
A reduction in [K
Similarly, when using buffers in which all Na + was replaced by choline (EC-Na) (Fig.   2D ), or all Cl -replaced by glutamate (EC-Cl) (Fig. 2E) and incubated them in the same buffer with the specific phospholipase C inhibitor U73122 (15) . When the cells were now placed in extracellular buffer no egress was observed (Fig. 4D, and table 1 ). The IC 50 for the effect of this compound on parasite egress was found to be approximately 1 µM (table 2) , similar to that reported for known phospholipase C activities (15) . Preincubation of the cells with U73343, an inactive homologue of U73122, had no effect on parasite egress (Table 1 ). To test involvement of host cell phospholipase C in parasite egress, we added exogenous IP3, a water soluble product generated upon activation of phospholipase C, or GTP-γ-S, an activator of phospholipase C in permeabilized cells, to permeabilized host cells. As neither had an effect on Toxoplasma egress (data not shown), we conclude that the effect of U73122 on Toxoplasma egress is due to inhibition of a phospholipase C activity in the parasite. To determine whether phospholipase C was involved, as expected, in the regulation of during parasite egress is regulated by a PLC activity in the parasite.
Egress requires the actin-based motile apparatus and activation of a calcium-dependent protein kinase and protein phosphatase
To test whether Toxoplasma egress involves the actin-based motile apparatus that drives the gliding motility of extracellular parasites, we tested the effect of cytochalasin D, an actin-depolymerizing agent that efficiently blocks gliding motility of Toxoplasma (4). As can be seen in table 1, cytochalasin D blocks egress at a concentration where it is known to block motility of extracellular parasites, indicating that, as expected, the actin-based motile apparatus is required for egress from host cells.
To test which calcium-dependent regulatory processes in Toxoplasma could be required for the activation of parasite egress, we tested the effect of a variety of inhibitors on this process. As can be seen in Cytochalasin D and KT5926 are known inhibitors of Toxoplasma motility, a process likely to be essential for parasite egress (4, 5) . To test whether the other molecules implicated in Toxoplasma egress played a role in controlling parasite motility as well, we tested their effect on the substrate-dependent gliding motility of the parasite. As can be seen in Fig. 6 , the phospholipase C inhibitor U73122, but not its inactive homologue U73343, block Toxoplasma motility effectively. Similarly, chelation of cytoplasmic Ca
2+
with BAPTA/AM and inhibition of either calmodulin with fluphenazine chloroethane or calcineurin with cyclosporin A blocks parasite motility as well. These finding suggest that the effect of these inhibitors on egress is likely due to their ability to block parasite movement.
Parasite egress is not triggered by a change in membrane potential
In most eukaryote cells a membrane potential is generated across their plasma membrane 
Discussion
These observations indicate that the same mechanisms that are required for motility of extracellular parasites are necessary as well for parasite egress from dying host cells.
In this report we describe the regulation of Toxoplasma egress from infected cells and our observations are summarized in Fig. 7 . Depending upon the strain of Toxoplasma and the type of host cell used, egress occurs at different times after initiation of infection. This is probably due to differences in replication rates of strains, and different sizes of host cells that can be infected by this parasite. Under normal circumstances, however, parasite egress does not occur until the host cell is completely filled with daughter parasites. We have observed that immediately preceding actual egress, the host cell plasma membrane is permeabilized, allowing the free exchange of small molecules between the extracellular and the intracellular environment. As a membrane permeable to small molecules surrounds the intracellular parasites, they too will be exposed to the changes in the and activate its phospholipase C is not known at this time. Depending on the PLCisoform, this enzyme can be activated in different fashions (21) . We are in the process of identifying the PLC activity involved in Toxoplasma egress by molecular cloning. Should this enzyme be related to one of the known isoforms, we will be able to make predictions regarding its activation mechanism. This, in turn, should make it possible to address the nature of the actual mechanism that detects changes in [K   + ].
Our data also place a number of observations made by Endo and coworkers regarding the Toxoplasma plays an active role during the host cell permeabilization we observed during normal egress, the findings of Black et al. clearly indicate that the parasite has the capability to do so. This raises the possibility that Toxoplasma possesses two mechanisms to trigger egress; one that is triggered in response to host cell breakdown, and a second mechanism that can actively disrupt an intact host cell in response to a different signal.
As the ionophore-induced permeabilization event was also delayed in the egress mutants it was hypothesized these were affected in their ability to mobilize the permeabilization minutes at 37 0 C. Gliding motility was determined as described (5). In stage 1, Toxoplasma-infected cells were permeabilized with S. aureus α-toxin in the indicated buffers and inhibitors as described in Materials and Methods. In stage 2, permeabilized cells were washed in the indicated buffers and incubated 30 minutes at 37 0 C in the presence or absence of inhibitors. In stage 3, buffers containing inhibitors and the calcium ionophore A23187 were added where indicated and the incubation continued for an additional 30 minutes at 37 0 C. The percent egress was determined as described in Materials and Methods. The concentrations of the different reagents used are the same as in Figs. 4 and 6 . CytD, cytochalasin D; FCE, fluphenazine 2-chloroethane. Toxoplasma-infected cells were permeabilized with S. aureus α-toxin in IC buffer and incubated in different concentrations of the different inhibitors in IC buffer for 30 minutes at 37 0 C. The permeabilized host cells were transferred to EC buffer containing the same concentration of inhibitor and incubated for an additional 30 minutes at 37 0 C, after which the percent egress was determined. 
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